To construct a human teeth database which is freely available to researchers and students, three-dimensional human tooth models were generated in a previous study, by means of micro-CT, from 35 human teeth extracted during orthodontic treatment. In this study, X-ray images of 55 extracted human teeth were acquired using three-dimensional micro-CT at a resolution of 50×50×50 µm, and then visualized using a numerical data visualization software. These carious tooth models provided insight into the morphology and progression of carious defects as well as a rare insight into the morphology of carious tooth pulp, therefore rendering them as a useful tool and efficient method for dental students' learning. Moreover, these three-dimensional models could be simultaneously observed and used by many students and researchers at any one time, which was a superior advantage than having only one actual tooth for learning and study by many.
INTRODUCTION
At present, CT and MRI images are widely used in the medical field, thereby leading to the construction of many three-dimensional human body models from these images.
The CT-and MRI-derived threedimensional models are then subsequently used for medical research 1) and treatment 2) , as well as for educational purposes 3) . Conversely in the dental field, three-dimensional models are used only occasionally 4, 5) due to a delay in the introduction of CT 6) . Comparatively, the application of CT in the dental field pales in comparison in that its use has not been advanced in the educational arena.
To construct a human teeth database which is freely available to researchers and students, threedimensional human tooth models derived from the micro-CT images of 35 human teeth -which were extracted during orthodontic treatment -were generated in a previous study 7, 8) . This effort led to the following evaluation comments and experiential conclusions:
1. On the construction of databases comprising three-dimensional models, voxel model type of data were considered appropriate. 2. Three-dimensional images, in which internal structures could be observed, were useful for dental students' learning. 3. Simulated treatments became possible 9) by employing a haptic device and three-dimensional data, and this was considered very useful for students' clinical practice. 4 . If three-dimensional finite element models were developed based on these data and made available to researchers, a potentially diverse range of analyses might become possible 10) . Leveraging on the favorable outcome of the previously generated human tooth models 7, 8) , this study was undertaken to construct carious tooth models of 55 teeth which were extracted during dental treatment. Evaluation results and the discussion thereof are presented as follows in this paper.
MATERIALS AND METHODS
X-ray images of 55 extracted human teeth with dental caries, of which the original patients could not be identified, were acquired using three-dimensional micro-CT (RmCT, Rigaku Co., Tokyo, Japan) under these conditions: resolution of 50×50×50 µm, tube voltage of 90 kV, and tube current of 150 µA.
Tomographic images were obtained using a comprehensive dental imaging software (i-VIEW, Morita Co., Tokyo, Japan). In total, approximately 35,000 tomographic images were acquired and that an imaging treatment software (Photoshop Ver.7.0, Adobe, CA, USA) was used to eliminate artifacts and remove unnecessary data from the images. Rectified images were visualized using a numerical data visualization software (Micro-AVS ver.10.0, KGT, Tokyo, Japan).
RESULTS

Appearance of sham images and the countermeasure
Stripes appeared in the three-dimensionally constructed models (Fig. 1) . To elucidate its cause, investigation was performed using an aluminum prism (Fig. 2C) . With the same CT data and using i-VIEW, tomographic images were produced without applying inclination compensation ( Fig. 2A) .
Thereafter, the images produced with and without this compensation method (Fig. 2B) were compared. As shown in Fig. 3A , no stripes appeared in the model to which no inclination compensation was applied, although both tomographic images were visualized using i-VIEW. In contrast, stripes appeared in the model to which inclination compensation was applied (Fig. 3B ). These findings revealed that inclination compensation by i-VIEW was the cause of the stripes appearing in the threedimensional models. This phenomenon was caused by the conversion of three-dimensional space coordinates of the CT value into the integer value coordinates of two-dimensional image. Therefore, in this study, the three-dimensional models of the carious teeth were reconstructed when they were re-sectioned without performing inclination compensation. Figure 4 shows the constructed carious tooth models. These models were displayed from the direction at which carious defects could be readily discerned. Moreover, these generated three-dimensional models were a precise reproduction of and comparable with actual human teeth.
Confirmation of reproducibility
Advantages of visualized images over macroscopic observation and photographic images of actual teeth
As seen in Fig. 5A , three-dimensional models enabled the numerous cracks to be easily discerned, whereas it was difficult to do so with macroscopic observation. Similarly, the extent of calculus deposition and the morphology of calculus formation could not be easily confirmed using photographic images (Fig. 5B) . With the three-dimensional models created in this study, not only could these physical aspects of dental caries be easily observed, the availability of arbitrary rotation (Fig. 5A ) enabled the morphology to be understood three-dimensionally.
Furthermore, when the enamel and dentin were made translucent (Figs. 6A and B) , the threedimensional morphology of the dental pulp could be clearly viewed -which could not have been possible with conventional methods. As for the tooth substances of enamel and dentin, the sectional images (Fig. 6C) were useful in facilitating the observation thereof.
Cracks shown in Figs. 5 and 6 occurred in many carious teeth, and typically penetrated the central dental carious area. These cracks might have occurred due to dehydration after tooth extraction. However, if they had already developed in the oral cavity before tooth extraction, they would be considered to be closely related to tooth fractures. Figure 7 shows a visualized image of the mandibular left second premolar. White spot areas (red arrow), which could not be macroscopically detected, were visibly discerned in this visualized image (Fig. 7A ) and in an actual photograph (Fig. 7C) . Through a visualized image of the enamel (Fig. 7B) , it could be seen that initial dental caries in the white spot area had advanced into the deep enamel area, and that cracks (blue arrow) were clearly observed in the central area. Figures 8−10 show the models in which wedgeshaped defects were present. In the model in Fig. 8 (mandibular right first premolar), cracks (red arrow) penetrated the central dental carious area (Fig. 8C) , similar to that which was observed in Fig. 7 . In addition, the following could be observed through an arbitrary rotation of the carious tooth model: deformed dental pulp (white arrows) in clearance of the wedgeshaped defect (Fig. 8D) , dental carious area (Fig. 8E) , and internal morphology of the dental carious area (Figs. 8E and F) .
Diverse observations made using the visualized images
The model in Fig. 9 (mandibular right first premolar) confirmed that the deformed dental pulp (white arrow) was indeed in clearance of the wedgeshaped defect (Fig. 9D) , and it also provided a clear view of the complicated morphology of the carious tooth pulp.
The visualized image also confirmed that treatment using filling materials had been performed A: Overall image; B: Enlarged image of the wedge-shaped defect; C: Image in which areas other than the enamel were made translucent (red arrow indicates cracks); D: Image in which areas other than the enamel were made translucent (white arrow shows the deformed area of dental pulp); E: Deformed dental pulp in clearance of the dental carious area (white arrow); F: Internal morphology of dental carious area. in the wedge-shaped defect area, and fillers (blue arrow) (Fig. 9E ) with lower X-ray transmittance than the matrix had been used. Figure 10 shows a model of the maxillary left lateral incisor whose collapse was markedly advanced. Block-shaped collapse (white arrows) was observed in the dentin, and so were traces of smooth abrasion on the buccal side -as were seen in Figs. 8 and 9 . Therefore, it was suggested that the wedge-shaped defect was not caused by occlusal force, but that the tooth collapse advanced after abrasion due to other reasons, such as through the use of toothbrushes.
For a model of the maxillary right first molar in Fig. 11 , the following could be clearly observed: morphology of the complexly branched dental pulp (Figs. 11B and C) , internal morphology of the dental carious area (Figs. 11D and E) , progress of attrition (Fig. 11F) , and the internal morphology of enamel (Fig.  11G) .
DISCUSSION
As shown in Figs. 5−11, the three-dimensional tooth models constructed in this study presented several advantages in terms of clearer observation and better understanding as compared with the macroscopic observation of actual human teeth. Indeed, tooth cracks, dental carious areas, sectional views of tooth enamel and dentin, and the carious tooth pulp could be clearly observed. Furthermore, these visualized images could be simultaneously observed by many people when these data were presented -a sharp contrast to that which could be achieved with the observation of only one actual tooth.
Apart from the abovementioned advantages offered for observation and learning, there lay the possibility that these models could be used to investigate phenomena in dentistry that await elucidation. For instance, tooth fractures are a significant dental problem. By means of the precisely reproduced threedimensional carious tooth models, their cause thereof might be elucidated by the examination of the cracks that existed in the model teeth. Another significant dental problem was the debate on whether wedgeshaped defects were caused by occlusal force. An end to this debate could be realized by a thorough examination of the wedge-shaped defects using these tooth models.
CONCLUSIONS
X-ray images of 55 extracted human teeth with dental caries were acquired using three-dimensional micro-CT (RmCT, Rigaku Co., Tokyo, Japan) at a resolution of 50×50×50 µm, and then visualized using a numerical data visualization software (Micro-AVS ver.10.0, KGT, Tokyo, Japan). Findings of this study allowed the following conclusions to be drawn:
1. When X-ray images were taken at a resolution of 50×50×50 µm, the generated three-dimensional models were a precise reproduction of the actual carious human teeth. For this reason, it was not necessary to consider a higher resolution. 2. Carious tooth models facilitated the understanding of the morphology and progression of dental caries as well as the morphology of the carious tooth pulp. For this reason, this novel learning method was considered to be useful for the education and training of dental students. 3. The database comprising these three-dimensional models could be simultaneously accessed and viewed by many students and researchers. For this reason, this method was considered to offer a superior advantage on teaching and learning efficiency over the observation of only one actual tooth. In light of the favorable results obtained in this study with regard to the usefulness of the reproduced threedimensional carious tooth models, the next step forward should cover the following focus areas: construction of abnormal and deciduous tooth models, classification of dental pulp morphology, and an evaluation of differences among the races.
Data pertaining to the present models have already been made available at http://st-intra.mdu.ac.jp/ shigakubu/e_learning/download/micro_avs/ct.html.
